We have proposed and demonstrated experimentally a novel and simple tunable optical filter based on mechanically induced and cascaded long period optical fiber gratings. In this filter variable FWHM and center wavelength is provided by cascading long period and ultralong period optical fiber gratings with different periods in a novel fiber structure. We report here for the first time to our knowledge the characterization of mechanically induced long period fiber gratings with periods up to several millimeters in novel multimode-single-mode-multimode fiber structure. We have obtained maximum loss peak of around 20 dB.
Introduction
Long period fiber grating (LPFG) is the special case of fiber Bragg grating (FBG). It was first suggested by Vengsarkar and coworkers in 1996 [1] . LPFG can be formed by introducing periodic longitudinal perturbations of refractive index along the core of a single-mode fiber. It can couple light between fundamental core mode and copropagating cladding modes at specific resonance wavelength. The period of a typical LPFG ranges from 100 m to 1000 m. The cladding modes of LPFG are absorbed by the polymer coating of the fiber hence, the transmission spectrum consists of a number of rejection bands at the resonance wavelengths. In contrast to the Bragg grating, LPFG does not produce reflected light and can serve as spectrally selective absorber. Therefore, it is also called transmission grating. LPFGs are relatively easy to produce. Their spectral properties, that is, resonance wavelength, bandwidth, and so forth, can be varied in a wide range. All these features make LPFG very attractive for many applications in telecommunication, laser, and sensor system. LPFG can be induced optically or mechanically [2] [3] [4] . Optically induced gratings are permanent, whereas mechanically induced gratings are reversible. LPFGs formed by a mechanically induced technique have generated great interest due to their versatility in the process of fabrication. In these gratings, the fiber is subject to periodical stress, which results in alternated regions under compression and stretching that modulate the refractive index via the photoelastic effect. Mechanically induced long period fiber gratings (MLPFGs) induced by pressure need neither a special fiber nor an expensive writing device for fabrication. These gratings also offer advantages of being simple, inexpensive, erasable, and reconfigurable and also give flexible control of transmission spectrum.
LPFG Mathematical Model
Due to their highly multimode nature, cladding modes are located closely and multiple cladding modes can satisfy the phase matching condition, for a given index modulation of period Λ,
where co eff is the effective index of the core mode and cl eff is the effective index of cladding mode.
For a given periodicity Λ, one can induce mode coupling between the fundamental mode and several different cladding modes [5] , a property that manifests itself as a set of spiky losses at different wavelengths in the transmission spectrum. In design of optical filters, concatenation of gratings Journal of Photonics is required, and the relatively close-spaced resonance peaks of cladding modes can cause serious difficulties to generate a desired spectrum.
The coupled mode equations describe their complex amplitude, co ( ) and cl ( )
where co and cl are the slowly varying amplitudes of the core and cladding modes, co-co cl-cl and co-cl = * cl-co are the coupling coefficients, is the grating modulation depth = (((
and is the detuning from the resonant wavelength. The coupling is determined by the transverse fields of the resonant modes and the average index of the grating
According to coupled mode theory, grating transmission is a function of coupling coefficient .
Assuming that the detuning from resonant wavelength is balanced by the dc coupling, simplified expression for grating transmission is given by
Cross-coupling coefficient depends on the grating index profile and field profiles of the resonant modes.
The LPFGs with periods exceeding one millimeter are called ultralong period fiber gratings (ULPFG). The long period size makes fabrication of ULPFG very easy as well as cheap. In LPFG, the core LP 01 mode is coupled with cladding modes having the same symmetry, namely, LP 0 modes [6] . Whereas in ULPFG, the coupling of the fundamental guided core mode to the cladding modes of high diffraction orders takes place [7] . The phase matching condition for a high diffraction order grating is given by the following equation:
where res is the resonant wavelength and co eff and cl, eff are effective indexes of fundamental core mode and th cladding mode of th diffraction order, respectively. Λ is the grating period, and is the diffraction order. = 1 for LPFG.
The resonant wavelength with the variation in the effective indexes of the core and cladding ignoring the dispersion effect is given by the following equation:
where res is the resonant wavelength with variation in the effective indexes of core and cladding, and 
Experiment and Results
The MLPFG with a period of 600 m and length = 70 mm is induced in single-mode fiber in multimode-single-modemultimode (MSM) fiber structure [8, 9] . Light is launched from a broadband superluminescent LED source to the lead in MMF, through the device (MLPFG) to the lead-out MMF and spectrally resolved using an optical spectrum analyzer (OSA) (Prolite60). The experimental setup as shown in Figure 1 was prepared.
A schematic diagram of the MSM structure used in experiment is shown in Figure 2 . The sample is prepared by splicing a 15 cm long section of SMF (SMF-28) using a Sumitomo Type39 Fusion Splicer in between two MMFs (62.5/125). Single-sided loading is done; the bottom plate is plain, while the upper plate is a specially designed grooved plate, on which pressure is applied.
The MLPFGs induced in single-mode fiber and multimode fibers are also studied separately. It is observed that single-mode grating produced resonant loss peaks of up to ∼7 dB and multimode grating produced resonant loss peaks of up to ∼5 dB. In multimode fiber with a large number of core modes and cladding modes, the core-cladding power coupling occurs at many wavelengths listed in Table 1 . So, many closely spaced loss peaks limit the tunable range as there are chances of overlap among different loss peaks. While in single-mode fiber, there exists only one core mode (LP 01 ) and many cladding modes (LP 1 ), and the core-cladding coupling occurs at certain specific wavelengths listed in Table 2 .
In MSM fiber structure, while coupling from multimode fiber (core diameter 62.5 m, cladding diameter 125 m) to Figure 3 : Normalized spectral response of MLPFG in MSM fiber structure. single-mode fiber (core diameter 9 m, cladding diameter 125 m), out of many core modes in multimode fiber only one core mode gets coupled with single-mode fiber. In singlemode fiber, LPFG couples part of core mode power into a forward propagating cladding mode. In the useful communication wavelength band, the dominating coupling is taking place between core mode and the cladding mode at center resonant wavelength. Slight coupling is there with other cladding modes responsible for other loss peaks. Due to second interface between SMF and MMF, further filtering and phase shift action are taking place that will eliminate the slightly coupled wavelengths; hence, only one loss peak appears (almost at the center wavelength) in transmission spectra.
The transmission spectrum of MLPFG in MSM structure is plotted in Figure 3 , and the input power spectrum is also shown for comparison purpose. The peak loss of around 17-18 dB is obtained, which is much greater than MLPFG in single-mode and multimode fiber.
The response of grating is very impressive and has a lot of applications in telecommunication as well as sensing. In the further section, the application of this grating is discussed.
Optical filters play important role in telecommunication systems where a certain range of wavelengths are required to be present or absent in the optical signal. Due to their low loss, compact size, high frequency response, and ease of insertion in existing optical fiber communication channels, optical fiber filters are preferred over their electronic and integrated optical counterparts. The MLPFG in MSM structure with Λ = 600 m and length = 70 mm can be used as a band reject filter. From Figure 3 , the center wavelength is 1550 nm and the FWHM is 20 nm. The response of grating is well within the optical spectrum used for WDM and DWCD applications (1225-1565 nm), and thus the filter will be very useful in communication applications. The transmission spectrum in Figure 3 can be broadened by a novel structure of cascaded MLPFG and MULPFG shown in Figure 4 .
The transmission spectrum of single MLPFG and cascaded MLPFG-MULPFG is combined and shown in Figure 5 . By changing the period of gratings and the paring between gratings of different periods, the center wavelength and FWHM of filter can be changed.
Conclusion
We report here, for the first time to our knowledge, the characterization of mechanically induced LPFGs in MSM fiber structure with periods up to several millimeters. MLPFG in MSM structure gives single transmission dip. Resonant loss peak strength is around 17-18 dB, which is much greater than maximum loss of 8 dB in single-mode MLPFG and 5 dB in multimode MLPFG. The MLPFG in MSM structure with Λ = 600 m and length = 70 mm can be used as a band reject filter, and its center wavelength is 1550 nm and the FWHM is 20 nm. The transmission spectrum obtained using single MLPFG can be broadened by a novel structure of cascaded MLPFG and MULPFG. By changing the period of gratings and the paring between gratings of different periods, the center wavelength and FWHM of filter can be changed.
